Background: Dysfunctional high-density lipoprotein (HDL) may have pro-inflammatory effects on the endothelial cells,which causes atherosclerosis in type 2 diabetes mellitus (T2DM). HDL is a major carrier of sphingosine-1-phosphate (S1P) in plasma while S1P exhibits multiple biological activities. However, potential role of HDL and S1P in T2DM remains unexplored. We hypothesized that diabetic HDL with higher contents of S1P exerts beneficial effects on the vascular system.
Introduction
The rising incidence and complications of type 2 diabetes mellitus (T2DM) are becoming major public health problems [1] . One of the most serious complications of T2DM is atherosclerosis, a vascular disease, which accounts for 80% of diabetic mortality. Due to the close links between atherosclerosis, T2DM and cardiovascular diseases, endothelial self-protection and dysfunction are more considered in therapeutic strategies of T2DM [2] . High-density lipoprotein (HDL) conveys an impressive spectrum of vascular-protective properties. In addition to its role in reverse cholesterol transport, HDL also exerts beneficial effects on anti-oxidative, anti-inflammatory, anti-thrombotic and endothelium-dependent vaso-relaxation [3] . It has been shown that the impaired HDL and apolipoprotein A-I (apoA-I) function contributes, at least in part, to the development of T2DM-mediated atherosclerotic vascular disease [4] [5] [6] .The growing evidence indicates that sphingosine-1-phosphate (S1P) and HDL exhibit their biological activities, either alone or in a combined version [7] [8] [9] .
HDL normally services as a plasma carrier of S1P and provides a platform for S1P activities. S1P is generated from sphingomyelin, one major lipid in the lipid bilayer of the cell membrane. It is a lipid component of HDL. S1P is a mediator of many of the cardiovascular protective effects of HDL, including the ability to inhibit/reverse atherosclerosis [9, 10] . Atherosclerosis is a multi-factorial inflammatory disease in which cyclooxygenase (COX) and the downstream diverse prostanoids may play important role in the development of the disease [11] . It is now known that the two genes encored two similar but distinct isoforms of the enzyme, COX-1 and COX-2 [12] . COX-1 is a non-reducible form of COX protein while the expression of COX-2 can be regulated [13] . S1P associates with HDL exerting synergic function in induction of the COX-2 expression and prostaglandin I-2 release [10, 14, 15] .
Although previous studies have shown that in patients with T2DM the protective functions of HDLs are impaired [16] , it still remains uncertain if these phenomena differ from various stages of the disease, particularly in the beginning of it. We hypothesized that the HDL with increased content of S1P plays a compensatory-protection role in vascular system in T2DM.
Materials and methods

Subjects
The study was approved by the Institutional Review Board and the Ethic Committee of Peking University First Hospital, Beijing, China, and subjects provided written, informed consent. The inclusion criteria of T2DM group were 40-75 years old subjects with T2DM diagnoses in accordance with international standards, fasting plasma glucose (FPG) ≥ 7.0 mmol/L and glycated hemoglobin (HbA1c) > 6.5%, and T2MD was first diagnosed without any treatment before. Exclusion criteria of T2DM group were a history of macrovascular (cardiovascular and cerebrovascular events) and microvascular disease (nephropathy absence of albuminuria, retinopathy and peripheral neuropathy), usage of insulin and statin treatment before. The inclusion criteria of T2DM accompanied with atherosclerosis (T2DM-As) group were 40-75 years old subjects with T2DM diagnosed in accordance with international standards, fasting plasma glucose (FPG) ≥ 7.0 mmol/L and glycated hemoglobin (HbA1c) > 6.5% and confirmed history of macrovascular atherosclerosis (cardiovascular and cerebrovascular) verified by ultrasound, computerized tomography angiography (CTA) or magnetic resonance angiography (MRA).
Cell culture and western blotting
Human umbilical vein endothelial cells (HUVECs) were isolated from freshly obtained human umbilical cords by collagenase digestion of the interior of the umbilical vein as described previously [17] . Cells were used for experiments prior to their forth passage. Briefly, cells were cultured in gelatin-coated polystyrene dishes and propagated in endothelial cell medium (ECM) (ScienCell, CA) supplemented with 5% FBS and endothelial cell growth supplement (ECGs) (ScienCell, CA) at 37°C in a 5% CO2-humidified atmosphere. Western blotting was performed as previously described [18] . After incubation with or without stimuli, the cultured HUVECs were washed with ice PBS for three times and then lysed in radioimmuno precipitation assay buffer. The protein concentration was measured with bicinchoninic acid (BCA) method according to the instructions of the company (BCA kit, Pierce, Rockford, IL). An equal amount of the total protein was subjected to electrophoresis and then transferred to nitrocellulose membranes, incubated in blocking buffer (1% bovine serum albumin in Tris-buffered saline with 0.1% Tween-20) for 2 hours. The COX-2 protein was detected by incubating with antibody against human COX-2 (Cayman Chemical, USA) for eight hours. After washing, the membrane was incubated in blocking buffer for 90 min at room temperature and probed with either HRP-goat-anti-rabbit IgG or HRP-goatanti-mouse IgG (MBL, Japan) secondary antibodies subsequently developed with Western blotting detection regents by ECL (Piece Biotechnology, IL) according to the manufacture's instruction. The densities of specific immunoreactive protein bands were quantified using Quantity One 1-D Analysis Software (Bio-rad, Hercules, CA).
Isolation of HDL
Fasting venous blood samples were drawn on EDTA tubes from subjects after a 12 h fasting food. Plasma was immediately collected after centrifugation at 4°C 3,000 rpm for 10 min. HDL were then isolated from fresh EDTA plasma by the method of density gradient ultracentrifugation (d=1.13-1.21 g∕ mL) as previously described [19] . The isolated HDL was further purified in dialysis of PBS, sterilized through a 0.22 um filter and stored at 4°C for the further usage within a month of isolation. The purity of the HDL was confirmed by SDS-PAGE and western blot using goat anti-apoA-I polyclonal antibody (DiaSorin, Stillwater, OK), then quantified through the measurement of apoA-I content by nephelometry (Dimension XPand, Dade Behring, Germany). HDL2 (1.063<d<1.125 g/ml) and HDL3 (1.125<d<1.21 g/ml) were isolated by sequential ultracentrifugation as previously described [20] . HDL subfractions were dialyzed against saline/EDTA (150 mM NaCl, 300 μM EDTA, pH 7.4), sterilized by filtering through a 0.22 μm membrane, and stored at 4°C until used. Equal concentration of apoA-1 in isolated HDL was used for cell treatment and S1P level determination.
Detection of levels of HDL-associated S1P
UPLC-MS/MS technique was employed to measure levels of HDL-associated S1P as previously described [21] . Briefly, after loading of HDL samples (200 μL for each test) to a 1.5 ml centrifuge tube, methanol (800 μL) and methanol with standard C17-D-erythro-sphingosine-1-phosphate (C17-sph) (50 μl of 1000 μg/L) were added to the same tube and then shaken vigorously for 1 minute. After centrifugation at 12,000 rpm for 15 minutes, the supernatant was collected and analysis of S1P was performed by a Waters ACQUITY UPLCTM system. Waters ACUITY UPLC BEH Phenyl column (1.8 μm; 2.1 mm × 100 mm) was selected for chromatographic separation. The injection volume was 5 μL. Methanol (A) and 0.5% formic acid in ultrapure water (B) were used as mobile phases. The gradient started at 10% A and then increased linearly to 60% in 6 minutes, to 100% at 6 minutes and kept for 2 minutes, followed by a decrease to initial conditions of 10% A and held for 2 minutes to allow for equilibration. The flow rate was 0.3 mL/min. The column was maintained at 40°C, and the sample room temperature was 10°C. S1P was analyzed by MS/MS in the multiple-reaction monitoring (MRM) mode. The optimized MS/MS parameters for the analyses including their precursor and product ions, cone voltage, and collision energy were shown in Table 1 .
Eight points calibration curves for S1P were constructed for the standard solutions between 7.8 and 1000 μg/L, and calibration graphs were linear with good correlation coefficients (r 2 >0.99). Recoveries of target compounds were 89±4% in isolated HDL by spiking standards of S1P (500 ng/mL) to HDL samples (n=3). The limits of detection (LODs) were estimated to be 30 ng/mL for HDL based on the peak-to-peak noise of the baseline and on a minimal value of signal-to-noise of 3 and LOD, respectively. Concentrations of S1P in plasma or HDL samples were corrected by C17-sph.
ELISA for quantitation of 6-keto PGF1α production HUVECs were cultured with or without various HDL or other reagents for 6 hours. After washing with phosphate buffered saline (PBS) at 37°C, cells were incubated with 1 mL of arachidonic acid (10 μmol/L in 0.75% fatty acid-free BSA/PBS buffer) at 37°C for further 30 minutes. Supernatants were collected for measurement of production of 6-keto PGF1α, an inactive, non-enzymatic hydrolysis product of PGI-2. Concentrations of 6-keto PGF1α in the supernatants were determined using a 6-keto PGF1α EIA kit according to the manufacturer's instructions (Cayman Chemical, USA). Limit of detection was 6 pg/mL.
S1P associated with BSA and N-HDL
Fatty acid-free BSA and N-HDL were used as a carrier for exogenous S1P. S1P (2 nM) was added into tubes containing 30 μg/ml of BSA or N-HDL separately overnight at 4°C for further usage.
Statistical analysis
The results are presented as the means ± SEM. Data was analyzed using Mann-Whitney U test and Student's t test. For all tests, p < 0.05 was considered significant.
Result
Study participant characteristics
In total 3 groups (15 healthy controls: 9 female, age 60.53 + 14.46 yrs; 15 patients with T2DM: 8 female, age 56.60 + 14.98 yrs; 15 patients with T2DM-As: 8 female, age 57.40±14.67) participated in the study ( Table 2 ). The subjects with T2DM and with T2DM-As had higher levels of fasting blood sugar, glycated hemoglobin (HbA1C), cholesterol, low density lipoprotein-cholesterol (LDL-c), triglycerides and lower levels of HDL-c than that of the controls (Table 2 ). T2DM-As group had higher levels of fasting blood sugar, glycated hemoglobin (HbA1C), cholesterol, low density lipoprotein-cholesterol (LDL-c) and triglycerides than that of the T2DM group.
Increased level of S1P in diabetic HDL
The peak of S1P standard was detected by the methods described in Method. The HDL-associated S1P was extracted following the method of methanol precipitation of protein, and the S1P level was detected. The figure showed the peak of S1P in standard and isolated HDL ( Figure 1A and B). The levels of HDL-associated S1P were significantly increased in T2DM group compared with control group ( Figure 1C , T2DM vs controls: 235.6 ± 13.4 vs 195.0 ± 6.4 ng/mg, p< 0.05). The levels of HDLassociated S1P were decreased in T2DM-As group compared with T2DM group ( Figure 1C , T2DM-As vs T2DM: 212.5±8.8 vs 235.6 ± 13.4 ng/mg, p< 0.05). There was no statistical difference between T2DM-As and controls.
Diabetic HDL enhances COX-2 protein expression and induces PGI-2 release
Using Western blotting technique, we found that cultured HUVECs spontaneously expressed COX-2 protein at the baseline. This expression was enhanced by HDL of normal controls (N-HDL) and diabetic HDL (D-HDL). Equal concentration of N-HDL and D-HDL (30 μg/mL) was incubated with endothelial cells for 6 hours. It was great interesting of that diabetic HDL significantly up-regulated COX-2 expression by HUVECs than that of HDL from normal controls (Figure 2A and B) . Competitive ELISA showed that both sources of HDL significantly induced PGI-2 release ( Figure 2C) . Again, the effect of diabetic HDL was greater than that of N-HDL ( Figure 2C , D-HDL vs. N-HDL: 1351 ± 200.1 vs. 666.0±220.8/mL, p<0.001). Furthermore, both HDL-induced COX-expression and PGI2 release were concentration-dependent, particularly in HDL from T2DM ( Figure 2D , E and F).
Pertussis toxin attenuates HDL-induced COX-2 expression and PGI-2 release
To investigate whether the contents of S1P carried per HDL particle account for the effects of HDL on the COX-2 expression and PGI-2 release by human vascular endothelial cells, we used pertussis toxin (PTX), a common Figure 1 Concentrations of HDL-associated S1P in diabetes and controls. Peaks of S1P standard (A) and S1P in HDL (B) were obtained by UPLC-MS/MS. The S1P in HDL was extracted following the method of methanol precipitation of protein. S1P in isolated HDL-c (C) were compared among controls, type 2 diabetes mellitus (T2DM) and type 2 diabetes mellitus accompanied with atherosclersosis (T2DM-As) (n=15 for each group). Mann-Whitney U test. Bars show medians. * p < 0.05.
inhibitor of G-couple protein receptors (G-PCR) to evaluate the blockage. HUVECs were pre-treated with PTX (2 ng/mL) for 24 hours and then incubated with or without HDL isolated from patients with T2DM and control subjects for further 6 hours. The result showed that PTX markedly attenuated HDL-induced COX-2 expression ( Figure 3A and B) , while the inhibitor also reduced HDL-induced PGI-2 release ( Figure 3C, N VPC 23109,a special antagonist of S1P receptor (1 and 3) attenuates HDL-induced COX-2 expression and PGI-2 release S1P induced COX-2 expression by HUVECs, either alone or associated with HDL (Additional file 1: Figure S1 ). To further investigate the effects of S1P on the HDLinduced responses by human vascular endothelial cells, we used VPC23019 (Avanti Polar Lipids, Alabaster AL), a selective antagonist of S1P receptor 1 (S1PR1) and receptor 3 (S1PR3), which have been shown to be involved in the S1P-mediated processes in HUVECs [22] . HUVECs were pre-treated with VPC23019 (2 nmol) for 20 minutes,then incubated with or without HDL isolated from patients with T2DM and control subjects for further 6 hours. The results showed that VPC23109 diminished the effect of diabetic HDL on COX-2 expression ( Figure 4A 
Discussion
Previous studies of diabetic HDL have been focusing on its pro-inflammatory role and dysfunctions such as reverse cholesterol transport (3). In diabetes mellitus, disorders of carbohydrate, fat and protein metabolism result in modifications of HDL protein and lipid components, which may lead to functional deficiency of plasma HDL [23] . Consistent high levels of blood glucose may not only cause protein glycosylation, resulting in dysfunction of reverse cholesterol transport and anti-inflammatory effects, but may also cause disorder in lipid metabolism which possibly alters the function of HDL particle in T2DM. These modifications greatly affect clearance of HDL and apoA-I from circulation [24, 25] . On the other hand, the increased non-enzymatic glycosylation of the major apolipoprotein, including apoA-I secondary to hyperglycemia impairs cholesterol transport and its anti-inflammatory function [26, 27] . In fact, all changes should gradually occur because T2DM is a chronic disease. Therefore, the body of patient tries to compensate the dysfunctional changes at the beginning of abnormal metabolism while disease itself may be a result of decompensation of the body. During the compensated stage, patients usually exhibit few symptoms of diabetes without complications of vascular damage due to the body's compensatory protective regulations. However, there is insufficient evidence showing whether there are some compensatory protective effects, including the effects of HDL in patients with T2DM. The relationship between the changes of level of HDL-associated S1P and the disease progression, like atherosclerosis, is still unclear due to the lack of longitudinal studies.
In this study, we have generated a body of data supporting the hypothesis that HDL and S1P play some compensatory protective effects in the diabetic status. Subjects of T2DM had higher levels of triglycerides, total Figure 3 Pertussis toxin (PTX) attenuates HDL-induced HUVEC COX-2 expression and PGI-2 release. Cells were preincubated with PTX (2 ng/ml) for 24 hours. Cells were further incubated with 30 μg/ml of N-HDL or D-HDL for 6 hours. The expression of COX-2 was measured by Western blotting (A, B) and the PGI-2 release was determined by the competitive ELISA (C). In all experiments above, PBS was used as vehicle control. Data are expressed as the means ± SEM of three independent experiments. Student's t test. ** p < 0.01, *** p < 0.001. and PGI-2 release (C) were same as above. In all experiments above, PBS was used as vehicle control. Data are expressed as the means ± SEM of three independent experiments. Student's t test. * p < 0.05. ** p < 0.01, *** p < 0.001. cholesterol and LDL-c, but lower levels of HDL-c compared with that of controls. On the other hand, the levels of HDL-associated S1P suggesting that S1P may be one of compensatory mechanisms in the early stage of T2DM. This increased content of S1P associated with HDL is possibly due to alternated capacity of HDL loading more S1P from plasma, or increased concentration of plasma S1P, or both [28] . Also, the levels of S1P associated with HDL from T2DM-As were decreased than early T2DM, suggesting that diabetic HDL may lose its compensatory effects as disease progresses. The levels of S1P associated with diabetic HDL3 were higher than that of native HDL3 implying that this difference of S1P might be because of the alteration of S1P in HDL3. It is now known that diabetes causes alteration in the sphingolipids metabolism [29] . However, these studies have focused on sphingosine, but not S1P, a downstream product of the metabolism. S1P is generated from the phosphorylation of sphingosine catalyzed by two sphingosine kinase isoenzymes, SphK1 and SphK2 [30] . Slight changes in the levels of sphingomyelin, ceramide or sphingosine are able to significantly increase the level of S1P. Studies of S1P biological functions suggest that S1P may play different roles in various conditions. For instance, the increased S1P levels have been observed in the animal models of type 1 diabetes, type 2 ob/ob mice and diabetic humans and implicated in pro-thrombotic and pro-inflammatory effects [24, 31] . S1P accounts for several antiatherogenic and anti-inflammatory effects of HDL. S1P also antagonizes endothelial dysfunction by preventing monocyte/endothelial interactions through activation S1PR1 in the type 1 NOD mouse model and has vascular protective properties, whereas S1PR1 activation promotes eNOS activation and nitric oxide production [32] . Our data also showed that HDL with higher content of S1P upregulated COX-2 expression and PGI-2 release by human vascular endothelial cells, two important atheroprotective factors [33] . S1P receptors belong to G-coupled receptors while human vascular endothelial mainly express two of S1P receptors, S1PR1 and S1PR3. To investigate whether the effects of HDL on HUVEC were mediated through S1P, we employed a common G-PRC inhibitor pertussis toxin and S1PR1 and 3 specific antagonist VPC 23019. It has been shown in a previous study in which the expression of S1PR1 was higher in diabetes than controls, suggesting that S1P and its receptors might play important role in diabetes [34] . Our data showed that up to 80% HDL-mediated effects on COX-2 expression and PGI-2 release was blockaded by these two inhibitors, suggesting that the effects of HDL on HUVEC largely contribute the contents of S1P in HDL. G-PCR is large group of receptors which located on cell membrane. We used PTX as a general blocker of G-PCR. On the other hand, we used VPC23109, a selective blocker of S1PR1 and 3, to narrow down the range of these blockages inhibiting the specific effects of S1P and its receptors. Selective blockage of S1PR1 and 3 seemed weaker than that of general G-PCR inhibitor PTX, particularly in COX-2 expression. A potential explanation is that other G-PCRs except for S1PR1 and 3 may also have similar effects. Previous studies have shown that S1P was associated with apolipoprotein M (apoM) in HDL exerted its biological function [35] . But the effects of S1P associated with apoM in metabolic disease are still unknown. Whether any changes of modification and function of apoM in T2DM needs further investigations.
Normally, with developing of disease, the metabolic process starts dynamically from balance to unbalance, from compensation to decompensation. Similar status may occur in S1P in HDL, while HDL might finally lose the compensatory effects. Some clinical trials have shown that "glycemic lowering therapies" and "intensive lipid lowering treatment" might not decrease mortality caused by macrovascular events in T2DM [36] . Therefore, it is necessary to further understand the potential mechanism of the lipid metabolism in HDL in T2DM, particularly in the early stage of the disease.
We also evaluated other effects of diabetic HDL, especially leucocyte-endothelial interaction. Compared with N-HDL, diabetic HDL enhanced more THP-1 cells to adhere to HUVECs, which is possibly associated with increased expression of adhesion molecules, including ICAM-1 and VCAM-1 (Additional file 1: Figure S2 ). Previous studies have shown that advanced glycation end products (AGEs) play an important role in impairing endothelial progenitor cell (EPC) functions, which may contribute to the development of vascular diseases in diabetes [37] .
In conclusion, our data suggests that diabetic HDL with higher content S1P may exert some protective effects on vascular endothelial system, as a kind of the body's compensatory mechanism preventing or delaying complications from the disease. Future studies should extend its other protective effects and focus on therapeutic potential in this area.
Additional file
Additional file 1: Figure S1 . S1P associated with BSA and N-HDL enhanced COX-2 expression by HUVECs,which was attenuated by S1PR1 and S1PR3 antagonist, VPC 23019. A and B: HUVECs were pre-treated with antagonist VPC 23019 (2 nmol/ml) for 20 minutes and then incubated with 0.5% BSA, S1P (2 μM of S1P carried by 0.5% BSA), N-HDL (30 μg/ml) and S1P-N-HDL (2 μM of S1P carried by 30 μg/ml of N-HDL) for 6 h to measure the expression of COX-2 by Western blotting. S1P-BSA and S1P-N-HDL significantly increased the expression of COX-2 compared with BSA and N-HDL alone. Abbreviations T2DM: Type2 diabetes mellitus; HDL: High-density lipoprotein; S1P: Sphingosine-1-phosphate; COX-2: Cyclooxygenase-2; PGI-2: Prostacyclin I-2; HUVECs: Human umbilical vein endothelial cells; S1PR1: S1P receptor 1; S1PR3: S1P receptor 3.
